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We study the effective potential and the Renormalization Group(RG) improvement of the
effective potential of Higgs boson in a model with singlet-doublet fermion extension of the
Standard Model(SM), which is motivated by the research of dark matter candidate. We
study the stability of the electroweak vacuum with the RG improved effective potential in
this model beyond the SM. We show that in this model the RG improved effective potential
at high energy scale can be quite different from the Higgs potential aided with running
quartic self-coupling which is usually considered in literatures, contrary to the case of the
SM in which the difference at high energy scale is accidentally small. Then we study the
decay of the electroweak vacuum using the RG improved effective potential in this model
beyond the SM. In this study we consider the quantum correction to the kinetic term in the
effective action and consider the RG improvement of the kinetic term. Combining all these
effects, we find that the decay rate of the false vacuum is slightly changed when calculated
using the RG improved effective action.
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3I. INTRODUCTION
Quantum contribution to the effective potential is important in understanding the properties
of scalar field, e.g. the property of the ground-state and the behavior at large energy scale. For
example, radiative correction can make a vacuum unstable and trigger spontaneous symmetry
breaking [1]. The RG improved effective potential, which re-sums contributions of large logarithms,
is important in understanding the behavior of effective potential at large energy scale. For example,
the RG-improved effective potential is crucial in reducing the dependence on the renormalization
scale when calculating quantities related with physical parameters [2–4].
It is well known that a false vacuum can decay via tunneling [5–7] and become unstable. In the
SM, the Higgs quartic self-coupling can become negative at an energy scale around 1010 GeV. This
makes the electroweak(EW) vacuum unstable. The decay rate of the EW vacuum can be calculated
using an approximate bounce solution of the Higgs potential with a negative Higgs quartic coupling
[8, 9]. Calculation of vacuum decay using RG improved effective potential in the SM does not give
much difference, because the bounce solution is dominated by behavior at high energy scale and
the RG-improved effective potential in the SM at high energy scale is accidentally close to the
Higgs potential with running quartic coupling [10].
In extension of the SM, the situation can be quite different. The RG improved effective potential
is possible to be very different from the potential using a running Higgs quartic coupling. As an
example, we consider a singlet-doublet fermionic dark matter(SDFDM) extension of the SM. We
show that the RG improved effective potential can be quite different from the tree-level potential
aided with running Higgs quartic coupling. Then we study the vacuum stability in this extension
of SM. We study the false vacuum decay using RG improved effective potential in this SDFDM
model. We also study quantum contribution to the kinetic term in the effective action in this
model beyond the SM and consider the RG improvement of the kinetic term. After taking all
these effects into account we find that the false vacuum decay rate is just slightly changed using
RG improved effective action, although the RG effective potential is significantly different from the
tree-level form of the Higgs potential with running quartic self-coupling.
The article is organized as follows. In section II, we first briefly review the SDFDM model. We
study the threshold effect caused by the extra fermions in this model beyond the SM and study
the running of Higgs quartic coupling in this model. Then we study the effective potential and
the RG improved effective potential in this model. In Section III we study the vacuum stability
in this model. We calculate the renormalization of the kinetic term in the effective action in the
SM and in SDFDM model. We study the RG improvement of the kinetic term and calculate the
decay rate of the false vacuum. Details of calculation are summarized in Appendix A, B and C.
We summarize in conclusion.
4II. EFFECTIVE POTENTIAL AND RG IMPROVED EFFECTIVE POTENTIAL IN
SDFDM MODEL
A. The SDFDM model
In addition to the SM fields, the SDFDM model has SU(2) doublet fermions ψL,R =
(
ψ0L,R, ψ
−
L,R
)T
with Y = -1/2 and singlet fermions SL,R. Here, L (R) refers to left(right) chirality. As a singlet,
S can be either Dirac type or Majorana type fermion [11, 12]. In this model, the neutral fermion
can be a dark matter candidate. The vacuum properties of SDFDM model with a Majorana type
dark matter particle has been discussed in [13]. In this article we mainly work on Dirac type dark
matter [14].
The relevant terms of ψ and S in the Lagrangian are:
LSDFDM = ψi/Dψ + Si/∂S
−MDψLψR −MSSLSR − y1ψLH˜SR − y2ψRH˜SL + H.c.
(1)
where MD,S are mass parameters, y1,2 the new Yukawa couplings, H is the SM Higgs doublet with
Y = 1/2, and H˜ = iσ2H
∗ . We impose a Z2 symmetry in the Lagrangian with the new fermions
ψ and S odd and SM fermions even under the Z2 operation. This guarantees the lightest of these
new fermions to be stable, and makes it a dark matter candidate if it is neutral.
After EW symmetry breaking, the mass matrix of SL,R and the neutral component of ψL,R(ψ
0
L,R)
is given as
M =
(
MS
y2v√
2
y1v√
2
MD
)
, (2)
where v = 246 GeV. Mixings between these two neutral fermions are generated by this mass
matrix. The mixing angles θL,R appear in the diagonalization of the mass matrix using two bi-
unitary mass matrices, that is
Md =
(
Mχ01 0
0 Mχ02
)
= U †LMUR (3)
with
UL,R =
(
cos θL,R sin θL,R
− sin θL,R cos θL,R
)
(4)
and
M2χ01
=
1
2
(TM −
√
T 2M − 4 D2M ), (5)
M2χ02
=
1
2
(TM +
√
T 2M − 4 D2M ), (6)
5where TM = M
2
S +
1
2y
2
1v
2 +M2D +
1
2y
2
2v
2, DM =
1
2y1y2v
2−MSMD. χ01 and χ02 are neutral fermions
in the diagonalized base with masses Mχ01 and Mχ02 respectively.
The mixing angles θL,R can be solved as
tan 2θL =
√
2v (MSy1 +MDy2)
M2D −M2S + v
2
2
(
y21 − y22
) (7)
tan 2θR =
√
2v (MSy2 +MDy1)
M2D −M2S + v
2
2
(
y22 − y21
) (8)
Writing H = (0, (v + h)/
√
2)T , the interaction Lagrangian of dark matter fields χ01,2 and the
CP-even neutral Higgs field h is obtained from Eq. (1) as
∆L = −yAχ01χ01h− yBχ02χ02h− [yCχ01PRχ02h+ yDχ01PLχ02h+ h.c.] (9)
where PR,L = (1± γ5) /2, yA = (−y2 cos θL sin θR − y1 sin θL cos θR)/
√
2, yB = (y2 cos θR sin θL +
y1 sin θR cos θL)/
√
2 , yC = (y2 cos θL cos θR − y1 sin θL sin θR)/
√
2 and yD = (−y2 sin θL sin θR +
y1 cos θL cos θR)/
√
2.
B. Effective potential and RG improved Effective potential
In the following, we take φ to denote a neutral external field. φ/
√
2 corresponds to the CP-even
neutral component of the Higgs doublet in the SM. The tree-level potential of φ is
V0(φ) = −
m2φ
2
φ2 +
λ
4
φ4, (10)
where λ is the Higgs quartic self-coupling in the SM and mφ the mass term. Coleman-Weinberg
type quantum correction to the potential can be calculated using vacuum diagram by considering
the quantum fluctuations around the external field φ. The one-loop contribution of extra fermion
in the SDFDM model to the effective potential is calculated as
V Ext1 = −
1
64pi2
M4χ1(φ)
[
ln
M2χ1(φ)
µ2
− 3/2
]
− 1
64pi2
M4χ2(φ)
[
ln
M2χ2(φ)
µ2
− 3/2
]
(11)
where M2χ1,χ2(φ) are obtained from Eqs. (5) and (6) by replacing v with φ. µ is the renormal-
ization scale chosen in this calculation. In the limit φ  v, we have approximately M2χ1,χ2(φ) ≈
y21φ
2/2, y22φ
2/2.
We arrive at an one-loop effective potential as follows
Veff (φ, λi, µ) = V
SM
0 (φ, λ) + V
SM
1 (φ, λi, µ) + V
Ext
1 (φ, λi, µ) (12)
where λi denotes various parameters in the model. V
SM
0 (φ, λ) is given in Eq. (10). V
SM
1 (φ, λi, µ)
is the one-loop contribution to the effective potential in the SM. The effective potential in the SM
6is known up to two-loop [15, 16]. V Ext1 (φ, λi, µ) is given in Eq. (11).
In the vacuum stability analysis, we must consider the behavior of the effective potential for
large external field. That is to say, we must deal with potentially large logarithms of the type
log(φ/µ) for a neutral external field φ. The standard way to solve the problem is by means of RG
equation(RGE). Veff satisfies the RGE(
µ
∂
∂µ
+ βi
∂
∂λi
− γφ ∂
∂φ
)
Veff = 0, (13)
where βi is the β function of parameter λi, and γ the anomalous dimension of scalar field. Straight-
forward application of this method leads to a solution [2]
Veff (µ, λi, φ) = Veff (µ(t), λi(t), φ(t)) (14)
where
µ(t) = µet
φ(t) = eΓ(t)φ
(15)
with
Γ(t) = −
∫ t
0
γ
(
λ
(
t′
))
dt′ (16)
and λi(t) the running coupling determined by the equation
dλi(t)
dt
= βi (λi(t)) , (17)
with the boundary condition λi(0) = λi. So the RG improved effective potential can be written by
simply substituting µ, λi, φ in the original effective potential with µ(t), λi(t), φ(t).
The RG improved effective potential in the SDFDM model is obtained by implementing the
substitution mentioned above into Eq. (12). We have
Veff (φ, t) = V
SM
0 (φ, t) + V
SM
1 (φ, t) + V
Ext
1 (φ, t), (18)
with
V SM0 (φ, t)= −
m2φ(t)
2
φ2(t) +
1
4
λ(t)φ4(t), (19)
V SM1 (φ, t)=
∑
i
(−1)ini
64pi2
M4i (φ, t)
[
ln
M2i (φ, t)
µ2(t)
− ci
]
(20)
V Ext1 (φ, t)=
∑
i
(−1)ini
64pi2
M4χi(φ, t)
[
ln
M2χi(φ, t)
µ2(t)
− 3/2
]
, (21)
In Eq. (20) the index i = H,G, f,W,Z runs over SM fields in the loop, and cH,G,f = 3/2, cW,Z =
75/6. In Eq. (21) the index i = χ1, χ2 runs over extra neutral fermions in the SDFDM model. ni
is the number of degrees of freedom of the fields. In Eqs. (20), and Mi(φ) is given by
M2i (φ, t) = κi(t)φ
2(t)− κ′i(t) (22)
The values of ni , κi and κ
′
i in the SM can be found in Eq. (4) in Ref. [4] in the Landau gauge and
in Ref. [17] both in the Fermi gauge and in the Rξ gauge. For new contributions in the SDFDM
model, we have ni = 1, and M
2
χ1,χ2(φ, t) ≈ y21(t)φ2(t)/2, y22(t)φ2(t)/2. In Eqs. (20) and (21), (−1)i
equals to ±1. For gauge and scalar bosons (−1)i take a positive sign, while for fermionic fields it
takes a negative sign.
In the limit φ v, Eq. (18) can be written approximately as follows
Veff(φ, t) ≈ λeff(φ, t)
4
φ4, (23)
where λeff is an effective coupling. In vacuum stability analysis, we generally take µ(t) = φ, so
λeff(φ, t) can be written as [10]
λeff(φ, t) ≈ e4Γ(t)
[
λ(t) +
1
(4pi)2
∑
i
Niκ
2
i (t)
(
log κi(t)e
2Γ(t) − ci
)]
(24)
The values of coefficients Ni , κi , and ci appearing in Eq. (24) are listed in Table. I.
p t W Z h G+ G0 C
± CZ χ1 χ2
Ni −12 6 3 1 2 1 −2 −1 −1 −1
ci
3
2
5
6
5
6
3
2
3
2
3
2
3
2
3
2
3
2
3
2
κi
y2t
2
g2
4
g2+g′2
4 3λ λ+
ξW g
2
4 λ+
ξZ(g
2+g′)
4
ξW g
2
4
ξW (g
2+g′)
4
y21
2
y22
2
TABLE I. The coefficients in Eq. (24) for the background Rξ gauge [17]. ξW and ξZ are the gauge-fixing
parameters in the background Rξ gauge, G
+ and G0 the goldstone bosons, C± and CZ the ghost fields, χ1
and χ2 are the dark matter particles in SDFDM model. For ξ¯W = ξ¯Z = 0, Eq. (24) reproduces the one-loop
result in the Landau gauge, and for ξ¯W = ξ¯Z = 1, we get the result in the ’t Hooft-Feynman gauge.
C. Running parameters in the MS scheme
To study the vacuum stability of a model at high energy scale, we need to know the value of
coupling constants at low energy scale and then run them to the Plank scale according to RGEs.
To determine these parameters at low energy scale, the threshold corrections must be taken into
account. In this article we work with the modified minimal subtraction(MS) scheme and use the
strategy in [15, 18] to evaluate one-loop threshold corrections and determine the initial values for
the RGE. The details of the corrections are summarized in Appendix A. Using these results, we
find coupling constants in the MS scheme at µ = Mt scale which is different for the SM and for the
SDFDM model. We list some of the results in Table. II. Both the change of the Yukawa couplings
y1,2 and the change of mass term have an effect on the corrections. We can see in Table. III and
8Table. II that changing the mass scale of dark matter particles does not give rise to change of the
initial parameters as significant as changing Yukawa couplings. Therefore, we will always choose
mass parameters as given in Table. II and concentrate on the impact of different Yukawa couplings
y1,2 in the remaining part of the article. With these initial values in Table. II, we then run the
parameters all the way up to MPl scale. For RGE running, we use three-loop SM β functions [15].
We also include one-loop contributions of new particles in the SDFDM model to the β functions
of these SM parameters. For new parameters in the SDFDM model, we use one-loop β functions
which can be extracted using PyR@TE 2[19]. The results are shown in Appendix B.
We can see that the evolution of λ(t) both in the SM and in the SDFDM model in Fig. 1(a).
We see that the λmin in the SDFDM model, the minimum of λ(t) in the RGE running, is negative
and is more negative than in the SM. This indicates that in the SDFDM model the EW vacuum
is unstable and lifetime of the EW vacuum would be much shorter owing to new physics effects.
The greater the Yukawa couplings y1 and y2, the greater the destabilization effects of the SDFDM
model.
As shown in Eq. (24), λeff differs from λ. In the SM, the difference λeff − λ is always positive
and is negligible near the Planck scale as shown in Ref. [10]. The situation is different in the
SDFDM model. As we can see in Fig. 1(b), λeff − λ is not negligible in the SDFDM model. In
fact, λeff is suppressed by the e
4Γ(t) factor in Eq. (24) which comes from the contribution of the
anomalous dimension. As we can see, the instability scale ΛI , the energy scale at which λeff (t) or
λ(t) becomes zero, is larger when determined by λeff (t). This is the case both in the SM and in
the SDFDM model.
Initial values in MS scheme for RGE running
µ = Mt λ yt g2 gY
SMLO 0.12917 0.99561 0.65294 0.34972
SMNNLO 0.12604 0.93690
∗ 0.64779 0.35830
SDFDMBMP1NLO 0.12549 0.93526
∗ 0.64573 0.35752
SDFDMBMP2NLO 0.12554 0.93368
∗ 0.64574 0.35630
SDFDMBMP3NLO 0.12586 0.93269
∗ 0.64573 0.35553
SDFDMBMP4NLO 0.13126 0.92744
∗ 0.64573 0.35144
TABLE II. All the parameters are renormalized at the top pole mass(Mt) scale in the MS scheme. BMP1:
y1 = y2 = 0.25, MS = 1000 GeV, MD = 1000 GeV; BMP2: y1 = y2 = 0.35, MS = 1000 GeV, MD =
1000 GeV; BMP3: y1 = y2 = 0.4, MS = 1000 GeV, MD = 1000 GeV; BMP4: y1 = y2 = 0.6, MS =
1000 GeV, MD = 1000 GeV; The superscript ∗ indicates that the NNNLO pure QCD effects are also
included. BMPs means benchmark points.
III. VACUUM STABILITY AND LIFETIME OF THE VACUUM
As we have seen in the last section, RG improvement to the effective potential can be quite
significant in SDFDM model. We need to consider the effects of RG improved effective potential
in the calculation of vacuum decay rate. The decay rate of the false vacuum can be computed by
9Effects of different masses on initial values
µ = Mt λ yt g2 gY
MS = MD = 800 GeV 0.12564 0.93402
∗ 0.64599 0.35650
MS = MD = 1000 GeV 0.12554 0.93368
∗ 0.64574 0.35630
MS = MD = 1200 GeV 0.12546 0.93340
∗ 0.64552 0.35613
TABLE III. y1 = y2 = 0.35 for all three cases with different masses of the new particles. The superscript ∗
indicates that the NNNLO pure QCD effects are also included.
(a) (b)
FIG. 1. (a) λ(t) up to MPl for the SM and for various Yukawa couplings in the SDFDM model; (b)
Running λ(t) and λeff (t) up to MPl scale for the SDFDM model.
finding a bounce solution to the field equations in Euclidean space [5–7]. For a potential U(φ), the
decay rate per unit time per unit volume, Γt, can be expressed as
Γt = At e
−Scl . (25)
where Scl is the Euclidean action of bounce solution and At is the quantum correction. For
fluctuation of φ field, At is given as
At =
S2cl
4pi2
∣∣∣∣det′[−∂2 + U ′′(φB)]det[−∂2 + U ′′(φ0)]
∣∣∣∣−1/2, (26)
where ∂2 is operated in Euclidean space and det′ the determinant omitting the zero mode contri-
bution. φ0 is the field value in the false vacuum which can be taken as zero as an approximation.
φB refers to the spherical symmetric bounce solution to the Euclidean field equation. φB satisfies
− ∂2φB + U ′(φB) = −d
2φB
dr2
− 3
r
dφB
dr
+ U ′(φB) = 0, (27)
where U ′ means derivative of U with respect to the field. In the case under consideration, φ/
√
2
is the CP-even neutral component of the Higgs doublet in the SM. If there are other particles
10
coupled to bounce field, their contributions to the determinants should also be taken into account,
as happens in the SM and in the SDFDM model considered in this article.
For a potential U(φ) = λ4φ
4 with a negative λ, the calculation leads to [8]
Scl =
8pi2
3 |λ| , (28)
In the SM, there is a mass for the Higgs field. The Higgs mass can safely neglected in this calculation
because the bounce solution is dominated by the behavior at large field values, so that potential
can be written approximately as a φ4 form. In quantum theory, λ is a quantity running with energy
scale. To simplify calculation, λ can be taken at a sufficiently large energy scale M so that λ(M)
is negative and varies slowly with energy scale. So Scl = 8pi
2/|λ(M)| in this case. It has been
shown that this scale dependence in Scl in the false vacuum decay rate is cancelled when taking
into account one-loop correction from the determinant [8, 9].
To fully take into account quantum corrections, we need to consider the effective action. As
long as the field varies slowly with space and time, we can compute the effective action using
derivative expansion [1]. Neglecting terms with higher derivative, we can write the effective action
in Euclidean space for external field φ as
Seff [φ] =
∫
d4x
[
1
2
(∂µφ)
2 Z2(φ) + Veff(φ)
]
(29)
Z2 can be obtained from the p
2 terms in the Feynman diagrams as shown in Appendix. C. It is
renormalized to make Z2(φ = 0) = 1 which makes the kinetic term going back to the standard
form when there is no external field. The results in the ’t Hooft-Feynman gauge are summarized
in Table. VI for the SM, and in Table. VII for the new contributions in SDFDM model. In the
large φ limit, we can simplify the result. We obtain Z2 for the SM in Eq. (C15), and Z2 for the
SDFDM model in Eq. (C17). As we can see, the explicit dependences on φ are cancelled in these
results.
RG improvement of the kinetic term can be studied similar to the effective potential. The
kinetic term in the effective action is the one-particle irreducible self-energy Γ2. It satisfies the RG
equation (
µ
∂
∂µ
+ βi
∂
∂λi
− 2γ
)
Γ2(φ) = 0. (30)
The equation can be solved in a way similar to solving Veff (φ). Solving this equation gives rise to
Z2(φ, t) with all parameters λi in Z2(φ) substituted by λi(t) and with an e
2Γ(t) factor in the kinetic
term. So we arrive at an Euclidean action
S =
∫
d4x
[
e2Γ(t)Z2(φ, t)
1
2
(∂µφ)
2 + e4Γ(t)
λ˜(t)
4
φ4
]
, (31)
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(a) (b)
FIG. 2. (a)The behavior of Z2 at large energy scale in the SM; (b) The behavior of Z2 at large energy scale
with y1 = y2 = 0.35 and MS = MD = 1000 GeV in the SDFDM model.
where λ˜ is only different from Eq. (24) by a factor e4Γ(t), that is
λ˜ = λ(t) +
1
(4pi)2
∑
i
Niκ
2
i (t)
(
log κi(t)e
2Γ(t) − ci
)
(32)
The Euclidean equation of bounce solution becomes
−Z2 ∂2φ˜B + λ˜ φ˜3B e2Γ(t) = 0. (33)
From the bounce action in Eq. (28), one can immediately deduce that the bounce action becomes
Scl = e
2ΓZ2 × 8pi
2
3|λ˜|e2Γ/Z2
= (Z2)
2 8pi
2
3|λ˜| . (34)
Scl depends on Z2 but is independent of the e
Γ(t) factor. Similar to obtaining result in Eq. (28),
running parameters in Eqs. (33) and (34) are understood to be at an arbitrary large energy scale M .
The leading dependence on M in decay rate would be cancelled by including quantum correction
from the determinant, similar to analysis in Ref. [8, 9]
Similarly, one can find that (Scl)
2 factor in Eq. (26), which comes from the zero mode contribu-
tion, becomes [8pi2/(3|λ˜|e2Γ/Z2)]2. The ratio of determinant in Eq. (26) becomes
∣∣ det′[−e2ΓZ2∂2 +
3λ˜e4Γφ˜2B]/ det[−e2ΓZ2∂2]
∣∣−1/2 which equals to ∣∣ det′[−∂2+3(λ˜/Z2)e2Γφ˜2B]/det[−∂2]∣∣−1/2×(e2ΓZ2)2
when including effects omitting four zero modes. It’s easy to see that if taking φB = e
Γφ˜B the
non-zero eigenvalues of operator −∂2 +3(λ˜/Z2)e2Γφ˜2B for φ˜B satisfying Eq. (33) would be the same
of the operator −∂2 + 3(λ˜/Z2)φ2B for φB satisfying
−Z2 ∂2φB + λ˜ φ3B = 0. (35)
So eventually we find that the decay rate is again expressed by Eq. (25) but with Scl expressed by
12
Result with λ(t) Result with λ˜(t) in effective potential
λmin log10(µmin/GeV) log10(P0) λ˜min Z2(ΛB) log10(µmin/GeV) log10(P0)
SM -0.0148 17.46 -535.34 -0.0150 0.9521 18.07 -454.11
BMP1 -0.0176 17.60 -413.72 -0.0165 0.9557 18.23 -393.41
BMP2 -0.0406 MPl -38.98 -0.0346 1.0051 MPl -91.01
BMP3 -0.0661 MPl unstable -0.0539 1.0157 MPl unstable
TABLE IV. The results computed by using λ(t) and λ˜(t) are presented. Three benchmark models are
BPM1(y1 = y2 = 0.25,MS = MD = 1000 GeV ), BPM2(y1 = y2 = 0.35,MS = MD = 1000 GeV),
BPM3(y1 = y2 = 0.4,MS = MD = 1000 GeV ). λmin is the minimal value of the running λ. λ˜min is the
minimal value of the running λ˜. µmin is the energy scale when minimal value of λ or λ˜ is achieved. P0
represents the EW vacuum decay probability.
Eq. (34) and with
At =
S2cl
4pi2
∣∣∣∣det′[−∂2 + 3(λ˜/Z2)φ2B]det[−∂2]
∣∣∣∣−1/2, (36)
in which φB satisfies Eq. (35). We see that the final result depends on Z2 but does not depend on
eΓ(t). The factor eΓ(t) comes from the wave function renormalization but can be associated with
an arbitrariness in relating φ with a renormalization scale. So it is not surprising to see that the
physical result does not depend on it. One can actually re-define the external field φ from the very
beginning in the Euclidean action in Eq. (31) in path integral and arrive at this conclusion.
Z2 is a running parameter. As we can see in Fig. 2, Z2 has a small deviation from unity at
high energy scale, both in the SM and in the SDFDM model. So false vacuum decay rate is
mainly controlled by the behavior of λ˜(t). In the SDFDM model, the scale dependence appearing
in Scl is also cancelled by one-loop contribution from the determinant. This energy scale can
be taken conveniently at the scale of the bounce ΛB so that Scl(ΛB) takes care of the major
contribution in the exponential [8–10]. ΛB is determined as the scale at which the vacuum decay
rate is maximized. In practice, this roughly corresponds to the scale at which the negative λ˜(ΛB)
is at the minimum. If ΛB > MPl , we can only obtain a lower bound on the tunneling probability
by setting λ (ΛB) = λ (MPl).
In this way, the vacuum decay probability P0 in our universe up to the present time can be
expressed as [10, 20]
P0 = 0.15Λ
4
B
H40
e−S(ΛB) (37)
where H0 = 67.4 km sec
−1 Mpc is the Hubble constant at the present time. S (ΛB) is the action
of the bounce of size R = Λ−1B .
In vacuum stability analysis, we say the vacuum is stable if the potential at large φ keeps
positive. This requires λ˜ > 0 for energy scale up to the Planck scale. If λ˜ < 0 at an energy scale
but with P0 < 1, it means that the lifetime of the false vacuum is greater than the age of the
Universe. In this case we call the vacuum is metastable. Other scenarios can be similarly defined.
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In summary, we list them as follows:
• Stable: λ˜ > 0 for µ < MPl;
• Metastable: λ˜(ΛB) < 0 and P0 < 1;
• Unstable: λ˜(ΛB) < 0 and P0 > 1;
• Non-perturbative: |λ| > 4pi before the Planck scale
Note that we classify states of EW vacuum in a way different from Ref. [10, 13], since λ˜(t) differs
from λ(t) by one-loop Coleman-Weinberg type corrections. As will be shown, λ˜(t) can be different
from λ(t) significantly in the SDFDM model. We further note that the effective action we have
used has imaginary part. The present work actually works on real part of the effective action and
discusses the effect of the distortion of the bounce solution in the presence quantum correction to
the effective action. A discussion on the effect of the imaginary part of the effective action would
be interesting, e.g. as in Ref. [21]. In the present article, we will not elaborate on this topic.
Now we come to discuss the tunneling probability. As shown in Eqs. (25), (34) and (36), the
false vacuum decay rate depends on Z2 and λ˜(t) when including one-loop correction to the effective
action. As mentioned before, the decay rate is mainly controlled by the behavior of λ˜(t). We first
compare λ˜(t) and λ(t) in the SM. As shown in Fig. 3(a), λ˜(t) and λ(t) are very close at high energy
scale in the SM. They both approach the minimum before the Planck scale. Both the values of
their minima and the energy scales of the minima are very close, as can be seen in Table IV. This
means that the one loop corrections to effective potential has little effects on tunneling probability
in the SM. In the SDFDM model, the situation can be different. As can be seen in Fig. 3(b), λ˜(t)
and λ(t) at high energy scale are not as close as in the SM. In this plot, λ˜(t) and λ(t) all approach
their minima before the Planck scale. But their values at the minima and the energy scales of the
minima are not as close as in the SM, as can be seen in Table IV. In Fig 4, we give more plots with
larger y1 and y2. In these cases, the difference between λ˜(t) and λ(t) is more significant. The larger
the Yukawa coupling y1 and y2, the larger the difference. In these cases, both λ˜(t) and λ(t) have
no minimum for energy scale below the Planck scale. The energy scale of bounce, ΛB, is chosen as
the Planck scale for these two cases. We note that the positive sign of λ˜−λ shown in Fig 4 means
that the lifetime calculated using λ˜ in these plots is longer than that computed using λ.
In Table. IV, we list more numerical results for the SM and for some benchmark points in the
SDFDM model. As a comparison, we also list results just using λ(t). We can see that using λ˜(t)
and Z2 in the effective action leads to some differences in the probability of false vacuum decay.
For SM case, we can see that the lifetime of EW vacuum computed using effective action is shorter
than that just using λ(t) although λ˜(t) and λ(t) are very close at high energy scale. This is caused
mainly by the presence of Z2 in the effective action. In the SM, (Z2)
2 term in Eq. (34) is about
0.9 which makes Scl smaller and leads to a larger decay rate. For SDFDM model, we find that in
the region that y1 and y2 are less than about 0.3, the situation is similar to the SM case. When
y1 and y2 are larger, the Z2 factor becomes greater than 1. In this case the difference between λ˜
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(a) (b)
FIG. 3. (a)Comparison between λ and λ˜ in the SM; (b) Comparison between λ and λ˜ with y1 = y2 = 0.25
and MS = MD = 1000 GeV in the SDFDM model.
(a) (b)
FIG. 4. Comparison between λ(t) and λ˜(t) in the SDFDM model. (a) y1 = y2 = 0.35 and MS = MD = 1000
GeV; (b) y1 = y2 = 0.4 and MS = MD = 1000 GeV.
and λ is also significant. Therefore, both the Z2 factor and the increasing value of λ˜−λ makes the
lifetime calculated using effective action longer than that computed just using λ.
In Fig. 5, we compare the two ways of obtaining the tunneling probability. The green(blue)
region indicates that the EW vacuum is metastable(unstable), and the red region means that the
EW vacuum is non-perturbative. We find that the one-loop effect on effective potential slightly
enlarges the parameter space for the vacuum to be metastable.
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(a) (b)
FIG. 5. Status of the EW vacuum in the y1− y2 plane with MS = MD = 1000 GeV . The left panel is given
by using the φ4 potential and the running λ(t), the right panel is computed using effective action and λ˜(t).
The green, blue, red regions indicate that the EW vacuum is metastable, unstable and non-perturbative.
IV. CONCLUSION
In summary, we have studied the one-loop Coleman-Weinberg type effective potential of the
Higgs boson in a single-doublet fermion dark mater extension of the SM. We have calculated the
threshold effect of these fermions in this model beyond the SM and have studied the RG running
of parameters in the MS scheme. We have studied the RG improvement to the effective potential.
We have studied the vacuum stability using the RG improvement effective potential. We find that
in this model beyond the SM the RG improved effective potential at high energy scale can be quite
different from the potential just using the running Higgs quartic self-couplings which is the quantity
usually considered in literature. In the SM, the RG improved effective potential at high energy
scale is accidentally close to the the potential just using the running Higgs quartic self-couplings.
Using the method of derivative expansion, we have studied the quantum correction to the
effective action. We have calculated the renormalization on the kinetic term in the effective action
in the case with external field. We have studied the RG improvement of the kinetic term. Using
the RG improved kinetic term and the RG improved effective potential, we calculate the decay
rate of the false vacuum. We find that the factor arising from the anomalous dimension which
appears in the kinetic term and the effective potential cancels in the decay rate. Taking all these
considerations into account, we find that the decay rate of false vacuum is slightly changed by the
effective action.
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Appendix A: Threshold effect and parameters in the MS scheme
1. General strategy for one-loop matching
To study the vacuum stability of a model at high energy scale, we need to know the value of
coupling constants at low energy scale and then run them to Plank scale according to RGEs.To
determine these parameters at low energy scale, the threshold corrections must be taken into
account. In this article we use the strategy in [15, 18] to evaluate one-loop corrections. All the
loop calculation are performed in the MS scheme in which all the parameters are gauge invariant
and have gauge-invariant renormalisation group equations [22].
A parameter in MS scheme, e.g. θ(µ), can be obtained from renormalized parameter θ in physical
scheme which is directly related to physical observables. The connection between θ and θ(µ) to
one-loop order, can be found by noting that the unrenormalized θ0 is related to the renormalized
couplings by
θ0 = θ − δθ = θ(µ)− δθMS (A1)
where δθ and δθMS are the corresponding counterterms. By definition δθMS subtracts only the
divergent part proportional to 1/+ γ− ln(4pi) in dimensional regularization with d = 4− 2 being
the space-time dimension. Since the divergent parts in the δθ and δθMS counterterms are of the
same form, θ(µ) can be rewritten as
θ(µ) = θ − δθ|fin (A2)
where the subscript fin denotes the finite part of the quantity δθ, obtained after subtracting the
terms proportional to 1/ + γ − ln(4pi). Difference at two-loop order has been neglected in this
expression.
The physical parameters which would be used in Eq. (A2), such as µ2 and λ, the quadratic and
quartic couplings in the Higgs potential, the vacuum expectation value v, the top Yukawa coupling
yt, the gauge couplings g2 and gY of SU(2)L × U(1)Y group, can be determined from physical
observables, such as the pole mass of Higgs boson (Mh), the pole mass of the top quark (Mt), the
pole mass of the Z boson (MZ), the pole mass of the W boson (MW ), and the Fermi constant (Gµ).
These physical observables are listed in Table. V. If knowing the corresponding counterterms in
the physical scheme, the MS couplings are then obtained using (A2). For example, if knowing δλ,
we then obtain λ(µ) in the MS scheme. More details are explained as follows.
We follow Ref. [18] to fix the notation. We write the classical Higgs potential in bare quantities
as
V = −µ20Φ†Φ + λ0
(
Φ†Φ
)2
(A3)
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Input values of SM observables
Observables Values
MW 80.384± 0.014 GeV
MZ 91.1876± 0.0021 GeV
Mh 125.15± 0.24 GeV
Mt 173.34± 0.76 GeV
v = (
√
2Gµ)
−1/2 246.21971± 0.00006 GeV
α3(MZ) 0.1184± 0.0007
TABLE V. Input values of physical observables used to fix the SM fundamental parameters λ, m, yt, g2, and
gY . MW , MZ , Mh, and Mt are the pole masses of the W boson, of the Z boson, of the Higgs boson, and of
the top quark, respectively. Gµ is the Fermi constant for µ decay, and α3 is the SU(3)c gauge coupling at
the scale µ = MZ in the MS scheme.
with
Φ =
(
φ+√
1
2 (φ1 + iφ2 + v0)
)
(A4)
Setting λ0 = λ − δλ, v0 = v − δv, µ20 = µ2 − δµ2, where λ, v and µ are regarded as renormalized
quantities, we write
V = V(r) − δV (A5)
with
V(r) =λ
[
φ+φ−
(
φ+φ− + φ21 + φ
2
2
)
+
1
4
(
φ21 + φ
2
2
)2]
+ λvφ1
[
φ21 + φ
2
2 + 2φ
+φ−
]
+ 2λv2
1
2
φ21
(A6)
and
δV =δλ
[(
φ+φ−
) (
φ+φ− + φ21 + φ
2
2
)
+
1
4
(
φ21 + φ
2
2
)2]
+ [λδv + vδλ]φ1
[
φ21 + φ
2
2 + 2φ
+φ−
]
+ δτ
[
φ+φ− +
1
2
φ22
]
+ δM2h
1
2
φ21 + vδτφ1
(A7)
where
δM2h= 3v
2δλ+ 6λvδv − δµ2, (A8)
δτ= v2δλ+ 2λvδv − δµ2. (A9)
v is determined at tree-level by Gµ as shown in Table. V.
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In order to determine δλ, δv and δµ2 we need three constraints. The strategy is to adjust δτ
so that the vδτφ1 term in Eq. A7 cancels the tadpole diagrams. Calling iT the sum of the tadpole
diagrams with the external legs extracted, we have the condition
δτ = −T/v. (A10)
A second constraint is conveniently obtained by demanding that the coefficient of the term pro-
portional to 12φ
2
1 in V(r) be the physical mass of the Higgs boson. So we have
M2h = 2λv
2 (A11)
and δM2h is fixed by condition of on-shell renormalization, i.e.
δM2h = Re Πhh
(
M2h
)
, (A12)
where Πhh
(
M2h
)
is the Higgs boson self-energy evaluated on shell. A third constraint is provided
by Eq. (9b) of Ref. [23]
δM2W = Re Πww
(
M2W
)
, (A13)
where Πww
(
M2W
)
is the W boson self-energy evaluated on shell. Recalling that the W-mass
counterterm is given by [23]
δM2W =
1
2
(
v2g2δg2 + g
2
2vδv
)
, (A14)
δv is obtained using this expression with δg2 known from other condition which can be found in
Eq. (28a) of [23]. Putting δv and Eqs. (A12) and (A14) into (A8) and (A9), one can then obtain
δλ and δµ2. They are as follows:
δµ2 =
1
2
[
Re Πhh
(
M2h
)
+ 3T/v
]
, (A15)
δλ/λ =
[
Re Πhh
(
M2h
)
+ T/v
]
/M2h − Re Πww
(
M2W
)
/M2W + 2δg2/g2, (A16)
δv/v =Re Πww
(
M2W
)
/
(
2M2W
)− δg2/g2 (A17)
We can get the expressions of the counterterms of the other parameters in a similarly way.
Ignoring the contribution of higher order, we list the one-loop results of counterterms as follows
δ(1)λ=
Gµ√
2
M2h
{
∆r
(1)
0 +
1
M2h
[
T (1)
v
+ Re Πhh
(
M2h
)]}
, (A18)
δ(1)yt= 2
(
Gµ√
2
M2t
)1/2(Re Πtt (M2t )
Mt
+
∆r
(1)
0
2
)
, (A19)
δ(1)g2=
(√
2Gµ
)1/2
MW
(
Re Πww
(
M2W
)
M2W
+ ∆r
(1)
0
)
, (A20)
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δ(1)gY =
(√
2Gµ
)1/2√
M2Z −M2W
(
Re Πzz
(
M2Z
)− Re Πww (M2W )
M2Z −M2W
+ ∆r
(1)
0
)
, (A21)
where superscripts 1 in these equations indicate that they are results at one-loop order. ∆r
(1)
0 in
the above equations can be written as a sum of several terms [15]
∆r
(1)
0 = V
(1)
W −
A
(1)
WW
M2W
+
√
2
Gµ
B(1)W + E(1) (A22)
where AWW is the W boson self-energy at zero momentum, VW the vertex contribution in the
muon decay process, BW the box contribution, E a term due to the renormalization of external
legs. They are all computed at zero external momentum. Thus we eventually get the MS parameter
to one-loop order as follows [13, 15]:
λ(µ)=
Gµ√
2
M2h − δ(1) λ|fin , (A23)
yt(µ)= 2
(
Gµ√
2
M2t
)1/2
− δ(1) yt|fin , (A24)
g2(µ)= 2
(√
2Gµ
)1/2
MW − δ(1) g2|fin , (A25)
gY (µ)= 2
(√
2Gµ
)1/2√
M2Z −M2W − δ(1) gY |fin . (A26)
2. MS parameters in the SDFDM model
To determine the initial values of running couplings, we use the equations given in the last
section. Since the threshold corrections have been done to NNLO in the SM, we only need to
calculate the contribution of extra fermions in the SDFDM model. All the relevant Feynman
diagrams for computing δ(1) λ|fin with extra fermions are listed in Fig. 6.
As dark matter particles in SDFDM model do not couple to SM leptons, Eq. (A22) can be
further simplified as
∆r0 = −AWW
M2W
. (A27)
Summing over all the loop contributions and using the matching conditions, we get coupling con-
stants in the MS scheme at Mt = 173 GeV energy scale and for the SDFDM model respectively.
We summarize here the one-loop corrections to λ from new particles in SDFDM model by using
Eq. (A18). We write δ(1)λSDFDM in terms of finite parts of the the Passarino-Veltman functions
A0(M) = M
2
(
1− ln M
2
µ2
)
, B0 (M1,M2, p) = −
∫ 1
0
ln
xM21 + (1− x)M22 − x(1− x)p2
µ2
dx.
(A28)
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(a) (b)
(c) (d) (e)
FIG. 6. Contributions of extra fermions to the self-energy for (a) the Higgs boson, (b)Z boson, and (d)(e)
W bosons, as well as to (c) the tadpole of the Higgs boson. χ(1,2) are dark sector fermions, L(R) means the
chirality in the vertex.
The one-loop result is
δ(1)λ|fin = Gµ√
2(4pi)2
{
y2A[4A0(Mχ01)− 2(M
2
h − 4M2χ01)B0(Mχ01 ,Mχ01 ,Mh)]
+ y2B[4A0(Mχ02)− 2(M
2
h − 4M2χ02)B0(Mχ02 ,Mχ02 ,Mh)]
+ 2y2C [A0(Mχ01) +A0(Mχ02)− (M
2
h −M2χ01 −M
2
χ02
)B0(Mχ01 ,Mχ02 ,Mh)]
+8yCyDMχ01Mχ02B0(Mχ01 ,Mχ02 ,Mh)
}
+
Gµ√
2(4pi)2v
[
−4yAMχ01A0(Mχ01)− 4yBMχ02A0(Mχ02)
]
+
Gµ√
2
M2h ∆r
(1)
0
∣∣∣
fin
(A29)
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where yA,B,C,D has been given in the text following Eq. (9) and
∆r
(1)
0
∣∣∣
fin
=
1
(4piv)2
{
(sin2θL + sin
2θR)
[
2M2
χ01
M2
χ− −M2χ01
A0(Mχ01)−
2M2χ−
M2
χ− −M2χ01
A0(Mχ−) +M
2
χ− +M
2
χ01
]
+ 8sinθLsinθR
[
Mχ01Mχ−
M2
χ− −M2χ01
(
A0(Mχ−)−A0(Mχ01)
)]
+ (cos2θL + cos
2θR)
[
2M2
χ02
M2
χ− −M2χ02
A0(Mχ02)−
2M2χ−
M2
χ− −M2χ02
A0(Mχ−) +M
2
χ− +M
2
χ02
]
+ 8cosθLcosθR
[
Mχ02Mχ−
M2
χ− −M2χ02
(
A0(Mχ−)−A0(Mχ02)
)]}
(A30)
Plugging Eq. (A29) into Eq. (A23) we obtain λ at one-loop order in the SDFDM model. Contri-
butions of extra fermions to δ(1) yt|fin, δ(1) g2|fin and δ(1) gY |fin can be similarly obtained. Plugging
them into Eqs. (A24), (A25) and (A26) we obtain relevant parameters at one-loop order in the
SDFDM model. Using these parameters in the MS scheme, we then carry out calculation of the
effective action in the MS scheme.
Appendix B: one-loop β and γ function in the SDFDM model
The β-function and the anomalous dimension can be decomposed into two parts:
βtotal = βSM + βSDFDM, γtotal = γSM + γSDFDM (B1)
where βSM and γSM are the β function and the anomalous dimension in the SM, while βSDFDM
and γSDFDM are the contributions from new particles in the SDFDM model.
The β functions in the SM are known to three-loop [15]. In this article we focus on the SDFDM
model with Dirac type dark matter. Here we show one-loop contributions of new particles in the
SDFDM model to the β functions of the SM parameters and the one-loop β functions of new
parameters in the SDFDM model. They can be extracted using the python tool PyR@TE 2[19].
They are as follows.
The β functions of the SM parameters receive one-loop contributions of new particles in the
SDFDM model as follows
βSDFDM (g1) =
1
(4pi)2
(
3
5
)
g31, (B2)
βSDFDM (g2) =
1
(4pi)2
g32, (B3)
βSDFDM (yτ ) =
1
(4pi)2
(
y21 + y
2
2
)
yτ , (B4)
βSDFDM (yb) =
1
(4pi)2
(
y21 + y
2
2
)
yb, (B5)
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βSDFDM (yt) =
1
(4pi)2
(
y21 + y
2
2
)
yt, (B6)
βSDFDM(λ) =
1
(4pi)2
[−2y41 − 2y42 + 4λ (y21 + y22)] . (B7)
The one-loop β functions of new parameters in the SDFDM model are as follows
βSDFDM (y1) =
1
(4pi)2
[
5
2
y31 + y1y
2
2 −
9
20
g21y1 −
9
4
g22y1 + 3y
2
t y1 + 3y
2
by1 + y
2
τy1
]
, (B8)
βSDFDM (y2) =
1
(4pi)2
[
5
2
y32 + 4y
2
1y2 −
9
20
g21y2 −
9
4
g22y2 + 3y
2
t y2 + 3y
2
by2 + y
2
τy2
]
. (B9)
Note here that g1(g
2
1 =
5
3g
2
Y ), g2, g3 are the gauge couplings, yt, yb, yτ , y1, and y2 are the
Yukawa couplings, and λ is the Higgs quartic coupling. The one-loop anomalous dimension of the
Higgs field is
γtotal = γSM + γSDFDM =
1
(4pi)2
[
9
4
g22 +
9
20
g21 − 3y2t − 3y2b − y2τ
]
+
1
(4pi)2
(−y21 − y22). (B10)
Appendix C: Renormalization of kinetic term in effective action
We compute effective action of an external field using derivative expansion. As long as the field
varies slowly with respect to space and time, this is a valid approximation. Keeping derivatives up
to second order, the Euclidean effective action for a neutral scalar φ is written as
Seff [φ] =
∫
d4x
[
Veff(φ) +
1
2
(∂µφ)
2 Z2(φ)
]
, (C1)
where Veff is the effective potential. The one-loop result of Veff in the SM in the background Rξ
gauge is given in [17]. Z2 can be obtained from the p
2 terms in self-energy Feynman diagrams.
We renormalize Z2 to make Z2(φ = 0) = 1 which means that the kinetic term goes back to the
standard form when there is no external field.
1. Feynman rules in background Rξ gauge
The Feynman rules with external field φ in the SM and in the SDFDM model are given in
Fig. 7. Here, we only list the vertices we need in Z2 calculation. We have introduced
m2G = −m2φ + λφ2, m2H = −m2φ + 3λφ2 (C2)
where m2φ is the mass term in the Higgs potential given in (10). The other φ-dependent masses
can be obtained by substituting the vacuum expectation value v with φ.
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FIG. 7. Propagators for SM fields with external field φ in background Rξ gauge. m
2
h, m
2
G, mW , mZ , mf
are the φ-dependent masses, which can be defined as m2G = −m2φ + λφ2 , m2H = −m2φ + 3λφ2 , mW = 12gφ
, mZ =
1
2
√
g2 + g′2φ , mf =
yf√
2
φ. m2φ is the mass term in the Higgs potential,yf is the Yukawa coupling
for alternative SM Fermion. Note here that G± and G0 are the goldstone bosons, CZ and C± are the ghost
fields.
We define the field-dependent masses of goldstone bosons and ghost particles as:
m2C± = ξWm
2
W , (C3)
m2CZ = ξZm
2
Z , (C4)
m2G+ = m
2
G + ξWm
2
W , (C5)
m2G0 = m
2
G + ξZm
2
Z . (C6)
(C7)
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FIG. 8. Vertices with external field φ for the SM in background Rξ gauge. mW and mZ are the φ-dependent
masses as given in Fig. 7. ξW and ξZ are the gauge fixing parameters in background Rξ gauge.
2. Z2 factor in the SM
FIG. 9. Self-energy diagrams contributing to Z2 factor in the SM. G
± and G0 are the goldstone bosons, CZ
and C± are the ghost fields.
For simplicity, we calculate Z2 in the ’t Hooft-Feynman gauge with ξW = ξZ = 1. Z2 comes
from the p2 term in the Higgs self-energy diagram in Fig. 9. Notations in [24] are used for the
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integrals calculated in the modified minimal subtraction scheme:
i
16pi2
B0
(
m1,m2, p
2
)
= µ0
∫
ddk
(2pi)d
1(
k2 −m21
) (
(k + p)2 −m22
) , (C8)
i
16pi2
B0
(
m1,m2, p
2
)
= µ0
∫
ddk
(2pi)d
1(
k2 −m21
) (
(k + p)2 −m22
) , (C9)
B0
(
m1,m2, p
2
)
= B00 (m1,m2) +B
1
0 (m1,m2) · p2 +O
(
p4
)
+ . . . (C10)
where B00 (m1,m2) and B
1
0 (m1,m2) can be express as
B00(m1,m2)=
m21 ln
m21
µ2
−m22 ln m
2
2
µ2
m22 −m21
, (C11)
B10(m1,m2)=
1
2
m21 +m
2
2(
m21 −m22
)2 + m21m22 ln
m21
m22(
m21 −m22
)3 . (C12)
When m1 = m2 = m, B
0
0(m1,m2) and B
1
0(m1,m2) can be written as B
0
0 (m) and B
1
0 (m). They
are expressed as
B00(m)= −ln
m2
µ2
, (C13)
B10(m)=
1
6m2
. (C14)
a) 1
16pi2
(18λ2φ2B10(mH))
b) 1
16pi2
(4λ2φ2B10(mG±))
c) 1
16pi2
(2λ2φ2B10(mG0))
d) 1
16pi2
(4g2m2WB
1
0(mW ))
e) 1
16pi2
( 4g
2
cos2(θw)
m2ZB
1
0(mZ))
f) 1
16pi2
(− g2
4cos2(θw)
m2CZB
1
0(mCZ ))
g) 1
16pi2
(−g24 m2C±B10(mC±))
h) 1
16pi2
(−g24 )[(−2m2G− +m2W+)B10(mG− ,mW+)− 2B00(mG− ,mW+)]
i) 1
16pi2
(−g24 )[(−2m2G+ +m2W−)B10(mG+ ,mW−)− 2B00(mG+ ,mW−)]
j) 1
16pi2
(g
2+g′2
4 )[(−2m2G0 +m2Z)B10(mG0 ,mZ)− 2B00(mG0 ,mZ)]
k) 1
16pi2
(−g2t )[−B00(mt) + 4m2tB10(mt)]
TABLE VI. p2 terms from the self-energy diagram in the SM which contribute to Z2. Note that here in
these results we only list the fermion loop contribution from the top quark.
We list the p2 terms of each self-diagram in Table. VI. Summing over all the p2 term contribu-
tions, we obtain the Z2 factor in the SM. Since the RG equation for the kinetic term in the effective
action can be solved in a way similar to solving Veff (φ), we can obtain the RG improved kinetic
term by replacing φ, µ, λi with φ(t), µ(t) and λ(t). Their expressions or equation are shown in
Eqs. (15) and (17). Taking µ(t) = φ as mentioned before, we get the RG improved Z2 factor in
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the SM for large φ field.
ZSM2 =1 +
1
16pi2
[λ+
8λ2
12λ+ 3g2
+
4λ2
12λ+ 3(g2 + g′2)
+
2
3
(2g2 + g′2)− (2g
2 + g′2)
24
]
+
1
8pi2
([
(4λg2 + g4)ln(4λ+g
2
g2
)
16λ3
+
2λ+ g2
4λ2
]
8λg2 + g4
16
− (4λg
2 + g4)ln(λe2Γ + 14g
2e2Γ)− g4ln(14g2e2Γ)
8λ
)
− 1
16pi2
([
(4λ(g2 + g′2) + (g2 + g′2)2)ln(4λ+g
2+g′2
g2+g′2 )
16λ3
+
2λ+ g2 + g′2
4λ2
]
8λ(g2 + g′2) + (g2 + g′2)2
16
+
(4λ(g2 + g′2) + (g2 + g′2)2)ln(λe2Γ + 14(g
2 + g′2)e2Γ)− (g2 + g′2)2ln(14(g2 + g′2)e2Γ)
8λ
)
− 1
16pi2
[ln(
y2t
2
e2Γ)y2t +
2
3
y2t ]
(C15)
with
Γ(t) = −
∫ t
0
γ
(
λ
(
t′
))
dt′ (C16)
3. Z2 factor in the SDFDM model
FIG. 10. Self-energy diagrams contributing to Z2 factor by extra fermions in the SDFDM model. χ
0
1 and
χ02 are the new extra fermions in the SDFDM model.
The contributions of by extra fermions in the SDFDM model to the Higgs self-energy are shown
in Fig. 10. p2 term contributions to Z2 in these diagrams are summarized in Table. VII. Summing
over all the p2 term contributions in Table. VI and Table. VII, we obtain the Z2 factor in the
SDFDM model. In the large φ limit, Z2 factor in the SDFDM model can be expressed as
ZSDFDM2 = Z
SM
2 −
y22
16pi2
[ln(
y22
2
e2Γ) +
2
3
]− y
2
1
16pi2
[ln(
y21
2
e2Γ) +
2
3
], (C17)
27
a) 1
16pi2
(−A2)(4m2
χ01
B10(mχ01)−B00(mχ01)
b) 1
16pi2
(−B2)(4m2
χ02
B10(mχ02)−B00(mχ02)
c) 1
16pi2
(−D22 )(2(mχ01mχ02B10(mχ01 ,mχ02)
d) 1
16pi2
(−C22 )(2(mχ01mχ02B10(mχ01 ,mχ02)
e) 1
16pi2
(−CD2 )[(m2χ01 +m
2
χ02
)B10mχ01 ,mχ02 −B00(mχ01 ,mχ02)]
f) 1
16pi2
(−CD2 )[(m2χ01 +m
2
χ02
)B10mχ01 ,mχ02 −B00(mχ01 ,mχ02)]
TABLE VII. p2 terms from the self-energy diagram contributed by extra fermions in the SDFDM
model. Here we define A = (−y2 cos θL sin θR − y1 sin θL cos θR), B = y2 cos θR sin θL + y1 sin θR cos θL,
C = y2 cos θL cos θR − y1 sin θL sin θR, D = −y2 sin θL sin θR + y1 cos θL cos θR. mχ01 , mχ02 are the masses of
new particles under the external field φ. They are obtained by substituting v in Eqs. (5) and (6) with φ.
where ZSM2 is given in Eq. (C15) .
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